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Autophagy is a conserved cellular degradative pathway
that is nowestablished to be a vital part of the host immune
response to microbial infection. Autophagy can directly
eliminate intracellular pathogens by mediating their
delivery to lysosomes. Canonical autophagy is character-
ized by the formation of a double-membrane autophago-
some and the involvement of over 35 autophagy-related
proteins (Atgs), including a commonly used autophago-
some marker in mammalian cells, LC3. Recent studies
have shown that a subset of autophagy components can
lead to LC3 conjugation onto phagosomes. This process
of LC3-associated phagocytosis (LAP) results in the degra-
dation of the cargo by promoting phagosome fusion with
lysosomes.Other componentsof theautophagymachinery
also play roles in immunity that are distinct from the canon-
ical autophagy and LAP pathways. This minireview high-
lights the complicated relationship between autophagy
components and intracellular bacteria, including bacterial
targeting mechanisms and the interaction between au-
tophagy and effectors/toxins secreted by bacteria.
Introduction
Autophagy is defined as a process of ‘self-eating’ and can be
broadly subdivided into three distinct pathways: macroau-
tophagy, microautophagy, and chaperone-mediated au-
tophagy. This minireview will focus on macroautophagy
(referred to throughout as autophagy) and its role in protect-
ing host cells against invading bacteria. Autophagy is a cata-
bolic pathway conserved in eukaryotes that sequesters its
cargo in a double-membrane vesicle (autophagosome) and
delivers it to the lysosome/vacuole for degradation. It is
responsible for the elimination of long-lived proteins, protein
aggregates, and organelles (such as mitochondria and
peroxisomes), as well as pathogens, via a process termed
xenophagy. The steps involved in autophagy and its regula-
tion are complex and fall outside the scope of this article;
thus, the reader is referred to an excellent review of these
topics [1]. For the purpose of this minireview, it is important
to know that autophagy requires two ubiquitin-like conjuga-
tion reactions: conjugation of Atg5 to Atg12, and conjugation
of Atg8 (referred to as LC3 in mammals, though it is note-
worthy that other Atg8 homologues are present in mammals
[2]) to the lipid phosphatidylethanolamine. As discussed
below, we are now starting to appreciate novel functions of
autophagy components that are not related to the canonical
autophagy pathway. This review focuses on the complex
interaction between autophagy components and intracel-
lular bacteria, including bacterial targeting mechanisms
and the interplay between autophagy and effectors/toxins
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Autophagy plays an essential role in innate and adaptive
immune responses [3]. In terms of adaptive immunity,
autophagy contributes to the thymic selection and homeo-
stasis of T cells, antigen presentation, and polarization of
T helper 1 and T helper 2 cells. As for innate immunity,
autophagy promotes macrophage activation and cellular
protection against bacterial toxins. Autophagy can also
directly eliminate intracellular pathogens, including bacteria,
viruses, and parasites. Furthermore, genetic variants of the
autophagy components Atg16L1 and IRGM are associated
with inflammatory bowel disease [3].
Recent studies have implicated autophagy-independent
functions of the autophagic machinery during an immune
response. Atg9A, a core autophagy component, functions
in the innate immune response to double-stranded DNA in
mouse embryonic fibroblasts (MEFs) and human cell lines,
while another autophagy component, Atg7, does not [4].
Furthermore, LC3, the most common autophagy marker, is
exploited by Chlamydia trachomatis to promote its infection
in an autophagy-independent manner. Notably, conjugation
of LC3 to phosphatidylethanolamine, a hallmark of autoph-
agy, was not required for the promotion of C. trachomatis
infection [5]. Recently, the Atg5–Atg12–Atg16 complex was
shown to play a role in antiviral interferon g (IFNg)-mediated
immunity. This host-defence function of an autophagy
protein complex did not require LC3 lipidation, autophagy
induction, or functional lysosomal proteases [6].
Phagosomes containing bacteria, dead cells and latex
beads can recruit LC3, a process called LC3-associated
phagocytosis (LAP) [7–10]. Upon delivery to phagosomes,
LC3 promotes phagosome maturation and degradation of
cargo [8]. Both LAP and autophagy therefore involve the
enclosure of cargoes in an LC3+ compartment and targeting
of cargoes for degradation by fusion with the lysosome. In
contrast to canonical autophagy, which is defined by the
formation of a double-membrane autophagosome, in LAP
LC3 is recruited directly to the phagosome (and is conju-
gated to phosphatidylethanolamine on this compartment
[10]). LC3 can also be directly conjugated to the single-
membrane entotic vacuole in an Atg5- and Atg7-dependent
manner where it promotes entotic cell death [11]. Today,
electron microscopy studies are essential to distinguish
between autophagy and LAP. Since past studies have relied
heavily on LC3 as an autophagy marker in the absence of
electron microscopy analysis, it is possible that some
bacteria described in this review are actually targeted by
LAP rather than the canonical autophagy pathway. It is
also likely that both pathways may be operating simulta-
neously as host defences against infection.
Restriction of Intracellular Bacterial Growth
by Autophagy
Autophagy restricts the intracellular replication of some
bacteria (Table 1). Remarkably, autophagy can target
bacteria in different compartments (Figure 1). Mycobacte-
rium tuberculosis can be targeted in intact phagosomes
by the autophagy pathway in murine macrophages when
cells are treated with the autophagy activator rapamycin or
Table 1. Summary of bacteria–autophagy interactions.
Bacterial growth restricted by autophagy
components
Bacteria that can evade targeting
by autophagy/LAP
Bacteria that can exploit autophagy
components for replication/spread
Salmonella enterica serovar Typhimurium [14] Shigella flexneri [18] Brucella abortus [49]
Group A Streptococcus (S. pyogenes) [17] Listeria monocytogenes [24] Coxiella burnetii [32]
Mycobacterium tuberculosis [12] Burkholderia pseudomallei [7] Legionella pneumophila [33]
Mycobacterium marinum [48] Yersinia pseudotuberculosis [28]
Anaplasma phagocytophilum [30]
Staphylococcus aureus [31]
Francisella tularensis [35]
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bial peptides to the lysosomes to enhance bacterial
degradation [13].
In the case of Salmonella enterica serovar Typhimurium
(S. Typhimurium), autophagy targets the bacteria within
damaged vacuoles, as judged by co-localization of LC3
with vacuolar markers [14]. Approximately one-third of
the intracellular bacterial population are LC3+ at 1 hour
post-infection. Autophagy restricts bacterial growth since
autophagy-impaired cells (Atg5-deficient MEFs) are more
permissive for S. Typhimurium growth than wild-type cells
[14]. S. Typhimurium that are targeted by autophagy are con-
tained in multilamellar structures (not typical double-
membrane autophagosomes) at 1 hour post-infection,
consistent with autophagic capture of bacteria within
vacuoles [15,16].
Group A streptococcus (GAS) can be targeted by autoph-
agy in the cytosol [17]. Multiple GAS bacteria are enclosed
in a multilamellar compartment called the GAS-containing
LC3+ autophagosome-like vacuole (GcAV) and are killed by
subsequent fusion with the lysosome. The mechanisms
that contribute to targeting of pathogens in different cellular
compartments represent a topic of high interest in the field.
Evasion of Autophagy by Bacteria
While some bacteria are killed by autophagy, others can
evade or even exploit autophagy to cause disease (Figure 2).
For example, Shigella flexneri can evade autophagic
capture in the cytosol. These bacteria enter host cells and
escape from the phagosome into the cytosol. The cell-
surface virulence protein IcsA is then utilized to promote
actin-based motility, but can also bind to the autophagy
component Atg5, an interaction that is capable of targeting
S. flexneri to autophagy for degradation [18]. However,
IcsB, another bacterial protein, competitively binds to IcsA
and masks it from recognition by Atg5 and the autophagy
pathway [18]. Septins were identified as host factors that,
in conjunction with autophagy, might restrict bacterial
spreading under conditions that favour antibacterial auto-
phagy [19]. While the majority of S. flexneri can escape
autophagic capture in the cytosol, membrane remnants
resulting from vacuolar membrane rupture are targeted
by the autophagy pathway in a p62- and LC3-dependent
manner. Autophagic degradation of themembrane remnants
suppresses inflammatory responses and necrotic cell
death [20].
Listeria monocytogenes escapes from phagosomes using
a pore-forming toxin, listeriolysin O (LLO) and two phospho-
lipase C enzymes. Once in the cytosol, it uses a cell surface
protein called ActA to recruit the host actin-nucleation
complex Arp2/3 to promote intracellular motility and cell-
to-cell spread. Recruitment of host actin to the bacterialsurface by ActA is thought to mask L. monocytogenes from
autophagy recognition in the cytosol [21]. ActA expression
also prevents ubiquitination of bacteria within the cytosol
[22]. In the absence of ActA, another protein, internalin K
(InlK), may also mask intracellular L. monocytogenes from
autophagic recognition through its interaction with the host
major vault protein (MVP) complex. InlK, however, is only ex-
pressed in vivo [23], adding another level of technical diffi-
culty to studying its role in autophagy evasion in vitro.
While the majority of intracellular L. monocytogenes can
evade autophagy in the cytosol, a subpopulation is LC3+
from 1 hour post-infection [24]. At later times post-infection
(4 hours), multiple bacteria are observed within single-
membrane LC3+ spacious Listeria-containing phagosomes
(SLAPs). These compartments are non-degradative and
allow for slow replication of L. monocytogenes [25]. Similar
structures have been observed in a model of chronic
L. monocytogenes infection [26], suggesting that SLAPs
may provide a paradigm for chronic infection of the host.
Our recent studies indicate that SLAP formation occurs via
the LAP pathway, and not canonical autophagy (G. Lam
and J. Brumell, manuscript in preparation). SLAP formation
required bacterial expression of the toxin LLO, which
is known to inhibit phagosome–lysosome fusion [27].
Low expression of LLO impaired phagosome escape by
L. monocytogenes but was sufficient to promote SLAP
formation [25]. In summary, L. monocytogenes appears
to subvert autophagy and its components in two ways: it
blocks maturation of LC3+ phagosomes (generated by
LAP) through the actions of LLO; and it evades capture by
autophagy in the cytosol through ActA and other virulence
determinants.
Bacteria Can Block Autophagosome Maturation
to Create a Replicative Niche
Some bacteria can inhibit or delay autophagosome matura-
tion (i.e. fusion with the lysosome) in order to promote bacte-
rial replication. Yersinia pseudotuberculosis subverts the
autophagy pathway in macrophages to block autophagy
maturation and to establish a replicative niche [28]. The
bacteria are enclosed in double-membrane or multilamellar
LC3+, non-acidic vacuoles at 4 hours post-infection. In
Atg5-deficient MEFs, bacteria are degraded in acidic
vacuoles [28]. Y. pestis also localizes to LC3+ autophago-
some-like vacuoles (in both single- and double-membrane
compartments) and replicates in these non-acidic vacuoles
in bone-marrow-derived macrophages [29].
Anaplasma phagocytophilum is targeted by autophagy
late in infection (3 days post-infection). Bacteria reside
in double-membrane LC3+, non-acidic vacuoles in
human myelocytic HL-60 cells. The role of autophagy in
A. phagocytophilum infection is highlighted by the use of
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Figure 1. Autophagy-mediated targeting of bacteria in host cells.
(1)M. tuberculosis is targeted within intact phagosomes following treatment with rapamycin or IFNg. (2) S. Typhimurium is targeted by autophagy
in damaged vacuoles. (3) Autophagy targets cytoplasmic bacteria, including a non-motile mutant (actA) of L. monocytogenes (in the presence of
chloramphenicol), a mutant of S. flexneri lacking the type III secreted effector IcsB, and GAS. (4) Phagosomes containing latex beads, zymosan,
Escherichia coli, dead cells, and the bopA mutant of B. pseudomallei are targeted by LC3-associated phagocytosis (LAP). (5) M. marinum and
B. abortus are targeted by a non-canonical autophagy pathway about which little is known.
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rapamycin treatment favours bacterial infection, autophagy
inhibition using the phosphatidylinositol (PI) 3-kinase inhibi-
tors 3-MA and wortmannin impairs bacterial replication.
Induction of autophagy byA. phagocytophilum is dependent
on its bacterial type IV secretion system [30].
In HeLa cells, Staphylococcus aureus subverts the
autophagy pathway [31]. The bacteria replicate in a
double-membrane LC3+ autophagosome from 3–12 hours
post-infection and then escape from the autophagosome
to the cytosol to induce apoptosis of host cells. S. aureus
cannot replicate in Atg5-deficient MEFs. This suggests that
autophagy induction inhibits S. aureus-containing phago-
some maturation and blocks its fusion with the lysosome.
Interestingly, agr-deficient mutant bacteria, which cannot
express virulence genes, do not induce autophagy and do
not survive in the host cell [31].
While some bacteria block fusion with the lysosome,
others delay this event and develop into an acid-resistant
form. Coxiella burnetii resides in a large and acidic vacuole,
the parasitophorus vacuole (PV), within which the bacteria
can multiply. These vacuoles bear autophagic markers,
such as LC3 and Beclin 1. C. burnetii exploits the autophagy
pathway for replication, since inhibition of autophagy with
3-MA andwortmannin blocks formation of the vacuole. Stim-
ulation of autophagy by starvation increases the number of
infected cells as well as bacterial load per cell, and overex-
pression of autophagic proteins accelerates PV formation.
Furthermore, C. burnetii exploits Beclin 1 to inhibit host
autophagy and, thus, establishes a persistent infection [32].Legionella pneumophila is found in vacuoles that undergo
extensive trafficking, including interactions with vesicles
derived from the endoplasmic reticulum (ER), retrograde
transport from the Golgi, and engulfment by the ER. Auto-
phagy markers Atg7 and Atg8 have been observed on
L. pneumophila vacuoles at early stages of infection [33]. In
permissive host cells (human and A/J mouse macrophages)
L. pneumophila is able to delay autophagic maturation for
4–6 hours in order to differentiate into an acid-tolerant form
[34]. The autophagosome eventually fuses with the lyso-
some, and L. pneumophila is able to replicate in an acidic
environment.
Inmurinemacrophages, Francisella tularensis disrupts the
phagosomal membrane early in infection (after 1–2 hours)
and escapes into the cytoplasm, where it replicates from
4–20 hours post-infection. It then re-enters the endosomal
pathway through autophagy. At 24 hours post-infection,
bacteria localize to a large fusogenic double-membrane
vacuole decorated with LC3 [35]. It is speculated that
F. tularensis uses autophagy to promote its exocytosis from
infected cells, thereby promoting cell-to-cell spread [35].
Autophagy Targeting Mechanisms
The most well-characterized targeting mechanisms in au-
tophagy involve protein ubiquitination. Protein aggregates,
mitochondria, and peroxisomes are targeted for degrada-
tion by the autophagy pathway in a ubiquitin-dependent
manner. Relevant to infection, membrane remnants after
S. flexneri invasion are polyubiquitinated and targeted for
degradation via autophagy [20]. Other pathogens, including
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Figure 2. Bacterial evasion or subversion of autophagy pathways.
(1)S. flexneri andB. pseudomallei escape from the phagosome, gain intracellular motility, and replicate in the cytosol. Bacterial effectors IcsB and
BopA prevent targeting of bacteria by autophagy and LAP, respectively. (2) L. monocytogenes can escape from the phagosome using the pore-
forming toxin listeriolysin (LLO) and other virulence factors. When LLO levels are high, L. monocytogenes successfully escapes and multiplies in
the cytoplasm. However, when LLO levels are low, L. monocytogenes resides in a spacious Listeria containing phagosome (SLAP). Fusion of
SLAPs with lysosomes is blocked by LLO. (3) S. aureus, A. phagocytophillium, and Y. pseudotuberculosis create a replicative niche in an auto-
phagosome by blocking its fusion with lysosomes. (4) F. tularensis initially escapes from the phagosome and replicates in the host’s cytoplasm. It
then enters the autophagy pathway and continues to replicate in the mature autophagosome. (5) L. pneumophilia delays fusion of the autopha-
gosome with lysosomes until it develops into an acid-resistant form and can replicate in the acidic autophagolysosome.
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have also been reported to colocalize with ubiquitin [36].
The best-studiedmodel of ubiquitin-dependent antibacterial
autophagy is S. Typhimurium. LC3+ S. Typhimurium colocal-
izes with ubiquitinated proteins [14]. Interestingly, at least
three different ubiquitin-binding adaptor proteins — p62,
NDP52, and optineurin— are required for efficient antibacte-
rial autophagy [15,37–39]. The adaptors are thought to func-
tion through direct binding to LC3 and ubiquitin, thereby
linking ubiquitinated cargo with the autophagy machinery
[15,37–39]. However, a recent report indicates that NDP52
can also be recruited to S. Typhimurium in damaged vacu-
oles through its binding to cytosolic galectin-8, which binds
to host vacuolar glycans that are exposed to the cytosol
upon vacuole damage by bacteria [40]. It remains unclear
why three different adaptor proteins are required for autoph-
agy of S. Typhimurium.
The lipid second messenger diacylglycerol (DAG) plays
a role in LC3 colocalization with S. Typhimurium (most likely
via LAP) [41]. Inhibition of DAG production impairs LC3
recruitment to these bacteria. Distinct populations of either
Ub+ or DAG+ S. Typhimurium have been observed and
inhibition of both pathways results in a cumulative effect
on LC3 recruitment, suggesting that these two pathways
act independently of each other [41].There is an established link between pattern recognition
receptors and the autophagy machinery. Sanjuan et al. [8]
have observed that, in murine macrophages, stimulation of
the Toll-like receptors TLR2 and TLR4 results in LAP [8].
Reactive oxygen species generated by the NOX2 NADPH
oxidase are necessary for LC3 recruitment to phagosomes
[10]. During S. flexneri invasion, the cytoplasmic receptors
Nod1 and Nod2 recruit Atg16L1 to the bacterial entry site
at the plasma membrane [42].
Effectors/Toxins Secreted by Bacteria and Their Impact
on Autophagy
Bacteria secrete virulence-associated proteins (referred
to as effectors or toxins) to modulate autophagy during
infection. VacA, a secreted toxin from Helicobacter pylori,
can impair autophagic flux [43]. On the other hand, autoph-
agy can promote VacA degradation at early stages of
infection, as judged by an enhanced accumulation of VacA
in Atg5-deficient MEFs [43]. Early VacA degradation by au-
tophagy may limit the ability of VacA to access the cellular
compartment/co-factors that it requires to inhibit autopha-
gic flux. Other toxins that can be degraded by autophagy
include lethal toxin from Bacillus anthracis [44] and cytolysin
toxin from Vibrio cholerae [45]. Whether these toxins also
display a dynamic relationship with autophagy is not known.
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V. cholera can inhibit antibacterial autophagy, rapamycin-
induced autophagy, pexophagy, and LAP [46]. Inhibition is
achieved by elevation of the second messenger cyclic
AMP. This strategy might be used by many bacteria, since
over 600 putative bacterial adenylate cyclases have been
identified. It is plausible that bacterial toxins function coop-
eratively, where one toxin inhibits autophagy to prevent
degradation of the other, autophagy-targeted, bacterial
toxin. For instance, in the case of V. cholera, its cytolysin is
targeted by autophagy [45], while the cholera toxin inhibits
autophagy [46].
Importance of Alternative Macroautophagy Pathways
for Immunity
Recent studies suggest that autophagy (as judged by trans-
mission electron microscopy analysis of autophagosome
formation) also takes place in the absence of canonical
autophagy components. A report by Nishida et al. [47] has
demonstrated an autophagic response to DNA damage in
an Atg5/Atg7-independent and Rab9-dependent manner.
An Atg5/Atg7-independent alternative autophagy pathway
has also been shown to protect against cytoplasmic bacteria
in host cells: Collins et al. [48] reported that M. marinum
is ubiquitinated and targeted by autophagy in a double-
membrane autophagosome-like vacuole in an Atg5-inde-
pendent manner.
The alternative macroautophagy pathway can be ex-
ploited by Brucella abortus for cell-to-cell spread [49].
Similarly, poliovirus can use canonical autophagy com-
ponents for non-lytic spread in host tissues [50]. Thus, in
some cases autophagy and its components can contribute
to immunity, while in other cases it serves as means to
perpetuate infection within a host.
Conclusions
Autophagy serves as a double-edged sword: on one hand,
autophagy can eliminate some pathogens and bacterial
toxins; while on the other hand, some pathogens can evade
or exploit autophagy for survival and replication in a host.
Recently, the field has become more complex since compo-
nents of the autophagy machinery are found to play roles in
infection in a process different from the canonical autophagy
pathway. Furthermore, we now appreciate that there is an
alternative macroautophagy pathway that is relevant to
infection, but for which we are lacking suitable markers or
genetic tools to dissect its function. These recent findings
highlight the fact that our cells have multiple systems to
dispose of unwantedmicrobial invaders, and that successful
pathogens have evolved mechanisms to evade these
systems to promote infection of their host. Studies of au-
tophagy using the host–pathogen interface are likely to yield
important insights into cell biology and the many human
diseases linked to autophagy.
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